INTRODUCTION
============

Alternative splicing (AS) is an important and ubiquitous molecular mechanism that increases eukaryotes genome diversity and complexity by generating different isoforms of a single gene without significantly increasing genome size ([@b21-molce-40-2-100]; [@b22-molce-40-2-100]). High-throughput sequencing data revealed that over 90% of human genes undergo AS, and that this process is more frequent in higher than in lower eukaryotes ([@b3-molce-40-2-100]; [@b30-molce-40-2-100]). There are four major types of AS events, including exon creation or loss (skipping), alternative 5′ splice sites, alternative 3′ splice sites, and intron retention ([@b3-molce-40-2-100]; [@b31-molce-40-2-100]). In the human genome, 40% of the new exons are generated by AS, and most of these are cassette exons (inclusion or skipping of a single exon) ([@b44-molce-40-2-100]). In addition, over 90% of the primate-specific cassette exons (recently generated exons) overlap with transposable elements (TEs) and 62% overlap with *Alu* elements ([@b2-molce-40-2-100]; [@b11-molce-40-2-100]; [@b44-molce-40-2-100]). *Alu* elements, a primate-specific class of short interspersed nuclear elements (SINE), are the most abundant type of TEs and comprise more than 10% of the human genome ([@b23-molce-40-2-100]). The internal sequence of *Alu* elements contains potential splicing donor (GT) and acceptor sites (AG) that can be recognized by spliceosomes ([@b3-molce-40-2-100]; [@b25-molce-40-2-100]). A previous study indicated that more than 5% of the newly AS-generated exons in the human genome originate from *Alu* elements ([@b39-molce-40-2-100]). Therefore, *Alu* elements are a major source of exon generation, and *Alu*-derived exonization events might have an important role in increasing gene diversity by producing novel protein isoforms in human and non-human primates.

Cathepsin F, a protein that is encoded by the Cathepsin F gene (*CTSF*) mapped to the human chromosome 11q13, is a papain family cysteine proteinase that plays a major role in the lysosomal proteolytic system ([@b6-molce-40-2-100]). In the human genome, 11 different cysteine cathepsins have been characterized (cathepsins B, C, F, H, K, L, O, S, V, X, and W) via bioinformatics analysis ([@b36-molce-40-2-100]). Among them, CTSF has an extended N-terminal proregion, which contains a cystatin-like domain ([@b1-molce-40-2-100]; [@b20-molce-40-2-100]). Similar to cathepsins B, C, H, L, O, and Z, CTSF is ubiquitously expressed in widespread tissues, whereas cathepsins J, K, S, and W are expressed in restricted tissues or cell types ([@b41-molce-40-2-100]; [@b42-molce-40-2-100]). However, *CTSF* expression levels were higher in several human cancer cell lines than in normal cells ([@b43-molce-40-2-100]) suggesting that *CTSF* could play an important role in carcinogenesis. Moreover, previous studies have shown that mutations in the *CTSF* gene are associated with Type B Kufs disease, an adult form of neuronal ceroid lipofuscinosis ([@b33-molce-40-2-100]; [@b38-molce-40-2-100]). The present study aimed to identify and characterize the *Alu*-derived exonization events in the *CTSF* gene of the rhesus monkey (*Macaca mulatta*) and the crab-eating monkey (*Macaca fascicularis*). Additionally, we validated the concept that lineage-specific *Alu*-integration lead to lineage and tissue-specific AS events in the *CTSF* gene during primate evolution.

MATERIALS AND METHODS
=====================

Ethics statement
----------------

Animal preparation and study design were conducted according to the Guidelines of the Institutional Animal Care and Use Committee (KRIBB-AEC-16067) of the Korea Research Institute of Bioscience and Biotechnology (KRIBB). Rhesus and crab-eating monkeys were provided by the National Primate Research Center of Republic of Korea or imported from China using a Convention on International Trade in Endangered Species of Wild Fauna and Flora permit.

Total RNA and genomic DNA sample preparation
--------------------------------------------

Total RNA samples extracted from *Homo sapiens* bone marrow, whole brain, fetal brain, fetal liver, heart, kidney, liver, lung, placenta, prostate, skeletal muscle, spleen, testis, thymus, trachea, uterus, colon, small intestine, spinal cord, and stomach were purchased from Clontech Laboratories, Inc. Twelve tissue samples were collected from the cerebellum, cerebrum, kidney, heart, large intestine, liver, lung, pancreas, small intestine, spleen, stomach, and testis of specific pathogen free adult male and female rhesus monkeys (both 10-years-old) and one adult male crab-eating monkey (seven-years-old). Animals were deeply anesthetized with ketamine (5 mg/kg) by intramuscular injection, and a perfusion with diethylpyrocarbonate-treated cold phosphate-buffered saline was conducted via the common carotid artery with RNase inhibitors to prevent blood contamination and promote the recovery of intact RNA molecules from the tissue samples. Total RNA was extracted from the tissue samples using the RNeasy^®^ Plus Mini kit (Qiagen), according to the manufacturer's instructions. Furthermore, RNase-free DNase (Qiagen) was used to eliminate DNA contamination from the total RNA preparations. The RNA concentration and the absorbance ratio at 260 nm and 280 nm (A260/A280) were determined with a NanoDrop^®^ ND-1000UV-Vis Spectrophotometer (NanoDrop Technologies).

Using a standard protocol, genomic DNA from heparinized blood samples was extracted from the following species: (1) HU: human (*Homo sapiens*); (2) hominoid: CH: chimpanzee (*Pan troglodytes*); (3) Old World monkeys (OWM): JA: Japanese monkey (*Macaca fuscata*), RH: rhesus monkey (*Macaca mulatta*), CR: crab-eating monkey (*Macaca fascicularis*), PI: pig-tail monkey (*Macaca nemestrina*), BO: bonnet monkey (*Macaca radiata*); MA: mandrill (*Mandrillus sphinx*), AF: African green monkey (*Chlorocebus aethiops*), LA: langur (*Trachypithecus* sp.); (4) New World monkeys (NWM): MAR: marmoset (*Callithrix jacchus*), TA: tamarin (*Saguinus midas*); and (5) prosimian: RL: ring-tailed lemur (*Lemur catta*).

Reverse transcription-PCR (RT-PCR) and PCR amplifications
---------------------------------------------------------

Complementary DNA was generated using the GoScript Reverse Transcription (RT) System (Promega). Following the manufacturer's instructions, 500 ng total RNA, 1 μl oligo (dT)15 primer, 1 μl random primer, 4 μl GoScript 5× reaction buffer, 2 μl MgCl2, 1 μl nucleotides mix, 0.5 μl recombinant RNasin^®^ ribonuclease inhibitor (Promega), 1 μl GoScript reverse transcriptase, and nuclease-free water (up to 20 μl) were added to a microcentrifuge tube, thoroughly mixed, and incubated for 1 h at 42°C. The expression levels of *CTSF* on humans (NM_003793.3), rhesus monkey, and crab-eating monkey were obtained from RT-PCR amplifications using specific primer pairs ([Supplementary Table S1](#s1-molce-40-2-100){ref-type="supplementary-material"}), which were carried out for 30--33 cycles of 94°C for 30 s, 58--60°C for 30 s, and 72°C for 30 s. To validate the *Alu*YRa1-exonized transcripts, RT-PCR experiments were performed using three validation primer pairs in rhesus and crab-eating monkeys ([Supplementary Table S1](#s1-molce-40-2-100){ref-type="supplementary-material"}). PCR amplifications of pure mRNA samples without RT were also performed to demonstrate that mRNA samples did not contain genomic DNA (data not shown). As a standard control, *GAPDH* was amplified from human, rhesus monkey, and crab-eating monkey.

Genomic DNA from the several primates mentioned above was amplified using primer pairs specifically designed from highly conserved sequences in human and non-human primates ([Supplementary Table S1](#s1-molce-40-2-100){ref-type="supplementary-material"}). The PCR amplification of genomic DNA was carried out for 35 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s.

Molecular cloning and sequencing
--------------------------------

PCR products were separated on a 1.5% agarose gel, purified with the Gel SV Extraction kit (GeneAll), and cloned into a pGEM-T-easy vector (Promega). The cloned DNA was isolated using the Plasmid DNA Mini-prep kit (GeneAll). Primate DNA samples and alternative transcripts were sequenced by Macrogen, Inc.

*Alu*YRa1 integration time
--------------------------

To estimate the integration time of *Alu*YRa1 in *CTSF* (*CTSF*\_*Alu*YRa1), we estimated the time to most recent ancestor in NETWORK version 5.0 (Fluxus Technology Ltd.). The divergence time of *Alu*YRa1 elements was also estimated based on 97 intact rhesus and crab-eating monkey specific *Alu*YRa1 elements, selected from the University of California Santa Cruz Genome Browser (<http://genome.ucsc.edu>). A phylogenetic tree was constructed for the 97 *Alu*YRa1 of each monkey species using the neighbor-joining method in the Molecular Evolutionary Genetics Analysis (MEGA) software version 6.0 ([@b40-molce-40-2-100]). The number of nucleotide substitutions was also calculated in MEGA 6.0, by the pairwise distance method. All polyadenylation (poly(A)) tails were excluded from the sequences before the analysis.

RESULTS
=======

*CTSF* gene structure and comparison among human, rhesus monkey, and crab-eating monkey genomes
-----------------------------------------------------------------------------------------------

In a previous study, and based on the large-scale transcriptome sequencing and genetic analyses of 16 tissues from male and female crab-eating monkey, we identified a specific AS event (relative to the human genome) corresponding to the integration of the *Alu*YRa1 element on the *CTSF* gene ([@b19-molce-40-2-100]). This antisense-oriented *Alu*YRa1 element was inserted on the 11^th^ intron region of *CTSF* gene and provided a canonical splicing donor site that could produce a new *Alu*YRa1-derived exon by exonization events. Therefore, we compared the structure of the *CTSF* gene among human (NM_003793), rhesus monkey (XM_015113633), and crab-eating monkey (*Alu*-exonized transcript XM_005577146) ([Fig. 1](#f1-molce-40-2-100){ref-type="fig"}). The *CTSF* transcripts of the three species comprised 13 exons and their transcription started at different positions. However, open reading frame (ORF) regions and splicing donor and acceptor sites were well conserved. Whereas the human *CTSF* transcript (NM_003793) encoded 484 amino acids, rhesus monkey (XM_015113633) and crab-eating monkey (XM_005577146) *CTSF* transcripts encoded 490 amino acids.

Evolutionary analysis of the *Alu*YRa1 integration in the *CTSF* gene
---------------------------------------------------------------------

Our comparative structure analysis indicated that the integration of the *Alu*YRa1 element led to a new exon in the *CTSF* gene of the crab-eating monkey, whereas the *Alu*YRa1 element was not integrated in the human *CTSF* gene. Therefore, the integration time of the *Alu*YRa1 element into primate lineages was evaluated through the PCR amplification of the *CTSF* gene in 13 primates, including hominoids (human and chimpanzee), OWM (Japanese monkey, rhesus monkey, crab-eating monkey, pig-tail monkey, bonnet monkey, mandrill, African-green monkey, and langur), NWM (marmosets and tamarins), and prosimians (ring-tailed lemurs) ([Fig. 2](#f2-molce-40-2-100){ref-type="fig"}). These results, together with the sequence analysis of all primate samples ([Supplementary Fig. S1](#s1-molce-40-2-100){ref-type="supplementary-material"}), demonstrated that *Alu*YRa1 was only integrated in *Macaca* species (Japanese monkey, rhesus monkey, crab-eating monkey, pigtail monkey, and bonnet monkey). Both the splice acceptor site in the left arm of *Alu*YRa1 and the splice donor site on the 3′ flanking region of the *Alu*YRa1 element were well conserved in in *Macaca* species ([Supplementary Fig. S1](#s1-molce-40-2-100){ref-type="supplementary-material"}).

The NETWORK analysis performed revealed that the integration time of *Alu*YRa1 in the *CTSF* gene (*CTSF*\_*Alu*YRa1) ranged from 5.2 to 6.59 million years (myrs) in Japanese monkey, 4.42 to 5.4 myrs in rhesus monkey, 5.53 to 7.23 myrs in crab-eating monkey, 4.91 to 5.89 myrs in pig-tail monkey, and 5.2 to 6.59 myrs in bonnet monkey. The integration time of *CTSF*\_*Alu*YRa1 was also calculated using the divergence time from other *Alu*YRa1 elements in rhesus monkey and crab-eating monkey. Based on the phylogenetic tree, we selected the most similar *Alu*YRa1 (ms*Alu*YRa1) elements among the 97 intact *Alu*YRa1 sequences in rhesus monkey (48^th^ A*lu*YRa1 element) and crab-eating monkey (26^th^ A*lu*YRa1 element) ([Supplementary Fig. S2](#s1-molce-40-2-100){ref-type="supplementary-material"}). We then calculated the pairwise distances between *CTSF*\_*Alu*YRa1 and consensus *Alu*YRa1 (*d~Alu~*~YRA1~ = 0.037), and *CTSF*\_*Alu*YRa1 and ms*Alu*YRa1 (*d~CTSF~*~\_~*~Alu~*~YRA1~ = 0.037) in rhesus monkey, and *CTSF*\_*Alu*YRa1 and consensus *Alu*YRa1 (*d~Alu~*~YRA1~ = 0.048), and *CTSF*\_*Alu*YRa1 and ms*Alu*YRa1 (*d~CTSF~*~\_~*~Alu~*~YRA1~ = 0.044) in crab-eating monkey. Previous study indicated that *Alu*YRa1 was integrated 9.5 million years ago (*t*) in the macaque genome ([@b16-molce-40-2-100]). Thus, using this *t* value and, divergence time (*t*~1~ = (*d~CTSF~*~\_~*~Alu~*~YRa1~/*d~Alu~*~YRa1~)*t*; [@b8-molce-40-2-100]) was calculated, revealing that *Alu*YRa1 was integrated in the *CTSF* gene region about 9.5 million years ago in the rhesus monkey, and about 8.7 million years ago in the crab-eating monkey ([@b8-molce-40-2-100]).

Experimental validation of the *Alu*YRa1-derived exonization event and expression patterns of the *CTSF* transcripts
--------------------------------------------------------------------------------------------------------------------

To validate the *Alu*YRa1-derived exonization event on the *CTSF* gene, we performed RT-PCR experiments and sequencing analysis using three validation primer pairs in 11 different crab-eating monkey tissues ([Supplementary Figs. S3 and S4](#s1-molce-40-2-100){ref-type="supplementary-material"}). Five transcript variants (V1-V5) were generated by AS events including *Alu*YRa1-derived exonization, intron retention, and different 5′ and 3′ splice sites ([Fig. 3](#f3-molce-40-2-100){ref-type="fig"}). The V6 transcript was obtained from RT-PCR of the V1 transcript. Only V1, V2, and V6 transcripts had an *Alu*YRa1-derived exon (TE-exon and 12c) generated by splicing the acceptor site on the left arm of the *Alu*YRa1 element. Comparative analysis of the transcript variants and originals identified from rhesus and crab-eating monkeys revealed that: V1 transcript had an *Alu*YRa1-derived exon (TE-exon) and an elongated 12 exon (12a); V2 transcript had an *Alu*YRa1-derived exon (TE-exon) and elongated 11 and 12 exons (11a and 12a); V3 transcript had elongated 11 and 12 exons (11a and 12a); V4 transcript had an intron retained exon (11b); V5 transcript had elongated 11 exon (11a) and an intron retained exon (12b); and V6 had a TE-derived and an intron retained exon (12c). To investigate the expression patterns of original and variant transcripts, RT-PCR experiments were performed transcript-specific primer pairs in 20 human tissues and 11 rhesus monkey and crab-eating monkey tissues ([Figs. 4](#f4-molce-40-2-100){ref-type="fig"} and [5](#f5-molce-40-2-100){ref-type="fig"}). Results showed that the original transcript of the *CTSF* gene was ubiquitously expressed in all human, rhesus monkey, and crab-eating monkey tissues ([Fig. 4](#f4-molce-40-2-100){ref-type="fig"}). Moreover, V3, V4, and V5 transcripts also showed a ubiquitous expression pattern in rhesus and crab-eating monkeys ([Figs. 5E--5L](#f5-molce-40-2-100){ref-type="fig"}). On the other hand, V1 and V6 transcripts showed very low expression levels in all rhesus monkey and crab-eating monkey tissues ([Figs. 5A and 5B](#f5-molce-40-2-100){ref-type="fig"}) and the V2 transcript was only expressed in the testis of rhesus and crab-eating monkeys ([Figs. 5C and 5D](#f5-molce-40-2-100){ref-type="fig"}).

DISCUSSION
==========

Approximately 45% of the human genome comprises TEs, which are mostly (about 90%) retroelements such as human endogenous retrovirus (about 8%), long interspersed elements (about 20%), and SINEs (about 13%) ([@b4-molce-40-2-100]; [@b37-molce-40-2-100]). *Alu* elements, primate-specific SINEs, are the most abundant retroelements in the human and non-human primate genomes, and a high number of *Alu* elements might cause several genetic disorders resulting from the influence of *Alu*-mediated recombination events on functional genes ([@b12-molce-40-2-100]). On the other hand, *Alu* elements can influence the transcription and the biological function of adjacent functional genes by providing polyadenylation sites, promoters, enhancers, and silencers ([@b17-molce-40-2-100]; [@b24-molce-40-2-100]; [@b31-molce-40-2-100]). Moreover, *Alu* elements have many potential splice sites that can lead to new AS and exonization events in intragenic regions. Thus, although *Alu* elements contribute to a significant portion of human genetic diseases, they might have an important role in genome diversification, as they generate novel transcript variants and protein isoforms in human and non-human primate genomes.

In our previous transcriptome study, we identified *Alu*Y-Ra1-exonized *CTSF* transcripts in the crab-eating monkey ([@b19-molce-40-2-100]), which were not found in the human genome, as the *Alu*YRa1 element was not integrated in the human *CTSF* gene ([Fig. 2](#f2-molce-40-2-100){ref-type="fig"}). During primates' evolution, about 110,000 *Alu* elements were specifically integrated in OWMs and 14 different OWM lineage-specific *Alu*Y subfamilies were grouped into four lineages: *Alu*YRa1-4, *Alu*YRb1-4, *Alu*YRc1-2, and *Alu*YRd1-4 ([@b16-molce-40-2-100]). In *Alu*YRa1, the oldest subfamily, elements in the first *Alu* subfamily belonging to lineage *a* account for about 30% of OWMs-specific *Alu*Ys. In addition, *Alu* elements are good genetic markers to study the phylogeny of *Macaca* and, within this genus, four species groups were clearly distinguished based on 358 *Alu* insertion polymorphisms ([@b26-molce-40-2-100]): *sylvanus* (*M. sylvanus*), *silenus* (*M. nigra, M. silenus, and M. nemestrina*), *sinica* (*M. radiata, M. thibetana, and M. arctoides*) and *fascicularis* (*M. fascicularis, M. fuscata, and M. mulatta*). Our integration analysis of the *CTSF*\_*Alu*YRa1 element revealed that it was restricted to the members of the *silenus* (pig-tail monkey), *sinica* (bonnet monkey), and *fascicularis* (Japanese monkey, rhesus monkey, and crab-eating monkey) groups studied here ([Fig. 2](#f2-molce-40-2-100){ref-type="fig"} and [Supplementary Fig. S1](#s1-molce-40-2-100){ref-type="supplementary-material"}), suggesting *CTSF*\_*Alu*YRa1 is also a good genetic marker for *Macaca* phylogenetic studies. However, as we were not able to validate the integration of *CTSF*\_*Alu*YRa1 in all *Macaca* species groups, additional validation is necessary before applying tis *Alu* element as a genetic marker for investigating phylogenetic relationships within the genus *Macaca*.

Reverse transcription-PCR results revealed six transcript variants of the *CTSF* gene in rhesus and crab-eating monkeys ([Fig. 3](#f3-molce-40-2-100){ref-type="fig"}), being V1, V2, and V6 generated by the *Alu*YRa1 element. The *CTSF*\_*Alu*YRa1 element found here was integrated with antisense-orientation in the 11^th^ intron region of the *CTSF* gene. The *Alu* element comprises two similar monomers (left and right arms), an A-rich linker, and a poly(A) tail ([@b14-molce-40-2-100]). Many *Alu*-derived exonization events were identified from antisense-orientated *Alu* element, and were more frequently observed in the right than in the left arm ([@b14-molce-40-2-100]; [@b25-molce-40-2-100]; [@b31-molce-40-2-100]; [@b39-molce-40-2-100]). Our results revealed that, in the rhesus and crab-eating monkeys, the TE-exon (an *Alu*YRa1-derived exon) started on the left arm of the *Alu*YRa1 element (polypyrimidine tract (PPT) adjacent AG sequence) and ended on its 3′ flanking region ([Fig. 3](#f3-molce-40-2-100){ref-type="fig"} and [Supplementary Fig. S1](#s1-molce-40-2-100){ref-type="supplementary-material"}). Each left arm and 3′ flanking region of the *Alu*YRa1 elements provided 3′ and 5′ splice sites. Interestingly, a previous study showed that the *Alu*YRa2-derived exonization event in the *BCS1L* gene started in the same region as the *CTSF*\_*Alu*YRa1-derived event found here ([@b31-molce-40-2-100]). These results suggest that although the left arm is considered a minor component when considering the occurrence exonization events, the PPT adjacent AG sequence (3′ splicing site) might be an important region for exonization events. Moreover, the *CTSF*\_*Alu*YRa1 boundary sequences in Japanese, pigtail, and bonnet monkeys also had well-conserved 3′ and 5′ splice sites. Therefore, *Alu*Y-Ra1-exonized *CTSF* transcripts may also occur in these monkeys, as spliceosomes can be recognized. However, further RT-PCR experiments need to be performed to validate *Alu*Y-Ra1-derived exonization events in other monkeys.

To investigate the expression level of the original and of the six variant transcripts of the *CTSF* gene, RT-PCR was performed using several human, rhesus monkey, and crab-eating monkey tissues ([Figs. 4](#f4-molce-40-2-100){ref-type="fig"} and [5](#f5-molce-40-2-100){ref-type="fig"}). Whereas the original, V3, V4, and V5 transcripts were ubiquitously expressed in the tissues of the three species, the only transcript variants including the *Alu*YRa1-derived exon (V1, V2, and V6) presented low expression levels and were not detected in all tissues of rhesus monkey and crab-eating monkey. The V2 transcript, in particular, showed a testis-specific expression. Thus, the integration of the lineage-specific *Alu*YRa1 element might lead to lineage and tissue-specific AS events. Previous studies showed that tissue-specific AS events could derive from histone modifications and tissue-specific splicing factors ([@b7-molce-40-2-100]; [@b27-molce-40-2-100]) and, in human tissues, a few *Alu*-exonized transcripts showed tissue-specific expression ([@b28-molce-40-2-100]). However, tissue-specific AS mechanisms caused by *Alu* elements are still unclear and, therefore, to understand the correlation between *Alu*-insertion and tissue-specific AS events, functional studies need to be performed.

Human CTSF propeptide consists of a signal peptide, a cystatin-like domain, an I29 inhibitor domain, and a mature form of cathepsin F ([@b20-molce-40-2-100]). Previous studies have revealed the cysteine-cathepsin-related activation of programmed cell death (apoptosis) ([@b15-molce-40-2-100]; [@b34-molce-40-2-100]), but the physiological functions of CTSF have not been thoroughly investigated. The analysis of the translated sequences of the six transcript variants performed in the present study revealed that V1 and V6 transcripts encoded 464 amino acids, whereas V2--V5 transcripts encoded 500 amino acids. The C-terminal end region of these transcripts also differed from those of human (484 amino acids), rhesus monkey (490 amino acids), and crab-eating monkey (490 amino acids) reference genes ([Fig. 6](#f6-molce-40-2-100){ref-type="fig"}). These different C-terminal sequences were derived from several AS events, including *Alu*YRa1-derived exonization, intron retention, and different 5′ and 3′ splicing sites ([Fig. 3](#f3-molce-40-2-100){ref-type="fig"}). Previous studies indicated that TE-derived AS events increase the functional diversification of a gene ([@b10-molce-40-2-100]; [@b9-molce-40-2-100]). For example, the human *ATRN* gene encodes both the membrane-bound and the soluble isoforms of attractin, and the soluble form has short C-terminal region compare with membrane-bound form. This soluble form encoded by the long interspersed nuclear element 1 (LINE1)-exonized alternative transcript, which is involved in the basic inflammatory response and is released by activated T lymphocytes ([@b13-molce-40-2-100]). The C-terminal sequence of the *Alu*-derived casein kinase 2 (CK2) α″ subunit, which differs from that of the original isoform, is associated with determination of nuclear localization ([@b18-molce-40-2-100]) but the functions of most alternative transcript variants remain unknown ([@b29-molce-40-2-100]). Thus, the small differences in the C-terminal sequences found among the six transcript variants and reference *CTSF* gene might not have affected protein function. However, further studies are needed to validate whether the six *CTSF* transcript variants are functional or not. Although this issue was not investigated in the present study, the specific integration of the *Alu*Y-Ra1 element in *Macaca* might have led to lineage- and tissue-specific AS events, which might have produced the different *CTSF* gene transcripts found in *Macaca* species. Thus, *Alu* elements appear to be a major source of genome diversity and complexity in non-human primates.

Non-human primates are the most valuable animal model species for biomedical research in microbiology, vaccine development, biochemistry, and neuroscience ([@b31-molce-40-2-100]; [@b35-molce-40-2-100]), as they have more biological and behavioral similarities and closer genetic relationship to humans than other animal models such as rodents, rabbits, and dogs ([@b5-molce-40-2-100]; [@b19-molce-40-2-100]; [@b32-molce-40-2-100]). Rhesus and crab-eating monkeys are the most widely and frequently used study species among non-human primates ([@b19-molce-40-2-100]; [@b35-molce-40-2-100]). Previous studies demonstrated that missense mutations in the *CTSF* gene caused Type B Kufs disease. Patients showed progressive neurodegeneration and accumulation of abnormal lipopigments in the brain and presented dementia and motor disturbances ([@b33-molce-40-2-100]; [@b38-molce-40-2-100]). However, disease mechanisms linking mutations in the *CTSF* gene to neurodegeneration and intralysosomal storage are still unclear. Therefore, the identification of transcript variants and the assessment of their expression patterns obtained in the present study could provide basic and useful information for investigating *CTSF* gene-related diseases using rhesus and crab-eating monkeys as models.
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![Structural analysis of human, rhesus monkey, and crab-eating monkey *CTSF* gene transcripts\
The antisense-oriented *Alu*YRa1 element (blue arrow) is located on the 11^th^ intron of *CTSF* in rhesus monkey and crab-eating monkey. Open, black, and gray boxes represent exon's untranslated region (UTR), open reading frame (ORF; protein-coding region), and putative protein-coding region, respectively. The horizontal line represents intron sequences. This figure is a structural illustration and is not drawn to scale.](molce-40-2-100f1){#f1-molce-40-2-100}

![Integration of the *Alu*YRa1 element in the *CTSF* gene during primate evolution\
(A) PCR amplification of *Alu*YRa1 in several primates. M indicates the molecular size marker. Primate DNA samples are abbreviated as follows: (1) HU: human; (2) hominoids: CH: chimpanzee; (3) Old World monkeys: JA: Japanese monkey, RH: rhesus monkey, CR: crab-eating monkey, PI: pigtail monkey, BO: bonnet monkey, MA: mandrill, AF: African green monkey, LA: langur; (4) New World monkeys: MAR: Marmoset, TA: tamarin; and (5) prosimian: RL: ringtailed lemur. (B) Schematic representation of the timing of *Alu*YRa1 integration in *Macaca CTSF* genes. The blue arrow indicates the integration event of *Alu*YRa1. Mya, million years ago.](molce-40-2-100f2){#f2-molce-40-2-100}

![Structural analysis of the *CTSF* gene transcripts in rhesus and crab-eating monkeys using reverse transcription PCR and sequence analysis. In both species, the antisense-oriented *Alu*YRa1 element is located on the 11^th^ intron of the *CTSF* gene and six transcript variants were identified from various tissues. Open, black, and gray boxes represent exon's untranslated region (UTR), open reading frame (ORF; protein-coding region), and putative protein-coding region, respectively. Vertical dashed lines represent the 3′ (GT) and 5′ (AG) splice sites, and the horizontal line represents intron sequences. Black and green arrows represent validation primers and RT-PCR primers, respectively. The transposable element exon (TE-exon), 12a, 11a, 11b, 12b, and 12c, exons indicated in red font correspond to new AS-derived exons in the six variants compare with original transcript. This figure is a structural illustration and is not drawn to scale.](molce-40-2-100f3){#f3-molce-40-2-100}

![Reverse transcription-PCR amplification of *CTSF* reference sequences\
(A) Human, (B) rhesus monkey, and (C) crab-eating monkey. The *GAPDH* gene was used as the positive control (indicated in the 120 bp). M indicates the molecular size marker. Numbers indicate cDNA tissue samples. Human -- 1: bone marrow; 2: brain (whole); 3: fetal brain; 4: colon; 5: small intestine; 6: heart; 7: kidney; 8: liver; 9: fetal liver; 10: lung; 11: placenta; 12: prostate; 13: skeletal-muscle; 14: spinal cord; 15: spleen; 16: stomach; 17: testis; 18: thymus; 19: trachea; 20: uterus. Rhesus monkey and crab-eating monkey--1: cerebellum; 2: cerebrum; 3: kidney; 4: large intestine; 5: liver; 6: lung; 7: pancreas; 8: small intestine; 9: spleen; 10: stomach; 11: testis. RT-PCR products were validated by sequence analysis.](molce-40-2-100f4){#f4-molce-40-2-100}

![Reverse transcription-PCR amplification of reference sequence of the six transcript variants of the *CTSF* gene in rhesus and crab-eating monkeys\
(A and B) V1 (157 bp) and V6 (266 bp), (C and D) V2 (145 bp), (E and F) V3 (186 bp), (G and H) V4 (234 bp), (I and J) V5 (187 bp), and (K and L) *GAPDH* (120 bp), used as the positive control. M indicates the molecular size marker. Numbers indicate rhesus and Crab-eating monkeys cDNA tissue samples. 1: cerebellum; 2: cerebrum; 3: kidney; 4: large intestine; 5: liver; 6: lung; 7: pancreas; 8: small intestine; 9: spleen; 10: stomach; 11: testis. Transcripts were validated by sequence analysis of the reverse transcription-PCR products.](molce-40-2-100f5){#f5-molce-40-2-100}

![Multiple sequence alignment of CTSF amino acid sequences\
The six transcript variants of CTSF identified from rhesus and crab-eating monkeys were aligned with CTSF reference sequences from human, rhesus monkey, and crab-eating monkey. Dots indicate amino acids are identical to those found in the human sequence. The gray, blue, red, and green box indicate the signal peptide, cystatin-like domain, I29 inhibitor, and mature cathepsin F, respectively. RH, rhesus monkey; CR, crab-eating monkey; V1--V6, CTSF variants.](molce-40-2-100f6){#f6-molce-40-2-100}
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